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Light states composed of multiple entangled photons—such as cluster states—are essential for
developing and scaling-up quantum computing networks [1–5]. Photonic cluster states with dis-
crete variables can be obtained from single-photon sources and entangling gates, but so far this
has only been done with probabilistic sources constrained to intrinsically-low efficiencies [6–8], and
an increasing hardware overhead. Here, we report the resource-efficient generation of polarization-
encoded, individually-addressable, photons in linear cluster states occupying a single spatial mode.
We employ a single entangling-gate in a fiber loop configuration [8] to sequentially entangle an
ever-growing stream of photons originating from the currently most efficient single-photon source
technology—a semiconductor quantum dot [9–13]. With this apparatus, we demonstrate the gener-
ation of linear cluster states up to four photons in a single-mode fiber. The reported architecture
can be programmed to generate linear-cluster states of any number of photons with record scaling
ratios, potentially enabling practical implementation of photonic quantum computing schemes.
Optical quantum technologies include a wide range of
applications, from quantum sensing [14, 15], to quantum
communication [16] and computing [1, 6, 17]. Entan-
glement is the most common resource for these appli-
cations [18], exploiting various degrees-of-freedom, e.g.
polarization, time-frequency, orbital angular momentum,
and spatial modes. The generation of high quality large
cluster states can be used for photonic one-way quan-
tum computing [1, 2, 6], which is favourable compared
to the widely used Turing-like gate based model in solid-
state systems [17]. Moreover, photonic cluster states
have been proposed to implement measurement-based
quantum communication networks [3–5], an architecture
that promises long distance quantum communication at
higher rates compared to other memory-based counter-
parts.
Cluster states are a special class of multi-partite graph
states that show improved robustness to loss compared
to GHZ-, or W-states [19–21]. They can be generated
using single-photon sources and entangling operations.
So far, they have been implemented using probabilistic
nonlinear sources of photon pairs up to six photons, by
the χ(2) parametric down-conversion (PDC), and the χ(3)
four-wave mixing processes, or, for continuous variable
encoding, by multi-mode squeezing in optical paramet-
ric oscillators [6, 22–26]. Photonic GHZ states of up to
twelve entangled photons have also been obtained in this
manner [7]. The common approach consists of multiple
sources and multiple well balanced paths to manipulate
the photons. In this approach, it is important to operate
in a regime where the probability to generate a pair is
low (typically few percents) in order to limit multi-pair
emission. These low source efficiencies make the pro-
tocols difficult to scale up to large photon numbers, in
addition to an increased resource budget when employ-
ing multiplexed schemes [27, 28]. A more scalable way to
produce large photonic cluster states has been proposed
in 2009 [29], making use of a single quantum emitter em-
bedding a spin acting as a quantum memory. A proof-of-
concept experimental demonstration has been provided
with a semiconductor quantum dot up to 2 photons [30].
However, this was obtained at very low generation rates,
and with considerable challenges to allow further scala-
bility, such as the need for longer spin coherence times
and efficient polarization-independent photon extraction.
In this work, we demonstrate an approach for the
generation of photonic cluster states that takes advan-
tage of a newly available technology for single-photon
generation—semiconductor quantum dots (QDs) [11]—
and a recent proposal for entanglement generation based
on temporal delay-loops [8]. Quantum dots gener-
ate single-photons on demand with near-unity indistin-
guishability [9, 10, 31, 32], and high single-photon pu-
rity. In addition, they can have high in-fiber brightness
(defined as the probability to have a single-photon cou-
pled into a single-mode fiber per excitation pulse), typi-
cally one order-of-magnitude larger than heralded single-
photon sources [9, 10]. This allows for an exponential
increase in multi-photon generation rates, which has al-
ready been used for Boson sampling [33–35], and on-chip
quantum walks [36]. We employ a fiber delay-loop appa-
ratus to sequentially entangle photons successively gen-
erated by a bright QD single-photon source. Linear pho-
tonic cluster states of two, three and four photons are
obtained with high rates. Our compact entangling appa-
ratus allows for both entanglement generation and polar-
ization state analysis. Our experimental demonstration
brings the record for the number of entangled photons
2FIG. 1. A fibered source of linear photonic cluster
states (a) Working principle of the source: single-photons
generated in successive time bins are sent into an apparatus
where a delay-loop stores a photon until it meets with the
next one at the entangling gate. (b) Top inserts: the phys-
ical implementation. A single InGaAs quantum dot photon
source in an electrically-connected cavity, and an all-fibered
entangling optical circuit in a 19” box. Bottom: Detailed
experimental setup - see text for details.
from a single emitter from two photons [31, 37, 38] to
four photons with a fourfold generation rate of ∼10 Hz.
Additionally, we define a parameter, the scaling-ratio, to
quantify prospects of scalability, and to allow comparison
between different implementations.
Figure 1a presents the principle of the proposed
scheme. A single quantum dot positioned in an optical
cavity serves as an efficient single-photon source. Period-
ical excitation with optical pulses leads to the emission
of a stream of single-photons. The separated emission
times enable individual addressability of each photon.
The single-photons are then sent into an entangling gate,
where the time between emissions is tuned to match the
length of a delay-loop, that serves as a quantum memory.
As a result, the combined system constitutes a source of
linear cluster states encoded in the polarization degree-
of-freedom, and individually addressable in the time do-
main. With this protocol, linear cluster states of any
length can be produced, controlled by the number of
consecutive photons sent into the entangling apparatus.
Figure 1a depicts the case for 4 photons. All entangling
operations occur at the same entangling gate, hence the
low resource requirements of our approach.
Figure 1b depicts the physical implementation of our
protocol. The single-photon sources used here are made
of a single InGaAs quantum dot deterministically posi-
tioned in an electrically connected pillar cavity [9, 39]
with optical resonances around 925 nm. The emitter-
cavity coupling ensures efficient collection of photons
through accelerated spontaneous emission into the cav-
ity mode. The QD transition is coherently controlled
with resonant excitation pulses from a Ti:Sapphire laser
operating at 81 MHz repetition rate. Maximum source
efficiency is achieved by setting the excitation at π-pulse
level, and the single photons are collected in a crossed po-
larization scheme. In this work, we used several sources
with various characteristics: sources based on either neu-
tral or charged excitons, with in-fiber brightness between
4% and 15%. The detected single-photon rate out-of-
fiber varies from 0.8 to 3 MHz using standard silicon
avalanche photon detectors (APD) with 25% detection
efficiency typically. The degree of indistinguishability M
for photons generated by a single source at various time
delays was measured for all sources, and varies from 0.77
to 0.95, the higher values being obtained with spectral
filtering to remove contribution from phonon sidebands
(see Supplementary Information). The laser pump driv-
ing the single-photon source is modulated by an electro-
optic intensity modulator (EOM) that creates the re-
quired sequence for entangling the desired number of pho-
tons.
The entangling apparatus is implemented in an all-
fibered compact device, packaged into a standard 19”
rack mountable box, see inset in Fig. 1b. It has one
single-mode fiber input, a fiber delay-loop about 15 m
long, and one “fusion” gate [40] implemented by a polar-
izing beam-splitter (PBS). The output of this first PBS1
is sent to a single-mode fiber where the entangled pho-
tons emerge from. The analysis setup is also included in
the same box. It consists of another projecting PBS2,
whose two fiber outputs exit the box. Four electrically-
driven polarization controllers, labelled EPCi, contain
four voltage-controlled birefringent elements each. They
align the photon polarization between the fiber segments.
EPC1 is positioned before the delay loop, EPC2 and
EPC3 inside the loop, and EPC4 after the loop as part
of the analysis setup. At the output of PBS2, two single-
photon detectors are temporally synchronised to the laser
clock frequency, and the time analysis of the state is con-
trolled using a custom-designed FPGA controller.
The sequential operation of the entangling apparatus
can be described in the following manner. The excitation
laser is switched on and off using the EOM to create a se-
ries of consecutive laser pulses, corresponding to the tem-
poral sequence of single-photons to be entangled. Each
modulated pump sequence is preceded by two empty cy-
cles in order to ensure that the delay loop is empty at the
beginning of the protocol. The generated single-photons
are injected into the sequential entangler, see Fig. 1b,
and their state is set to the diagonal polarization relative
3FIG. 2. Quantum circuit representation of the entangling
scheme. The table maps the used logical operations, the
Hadamard H and Zϕ transforms and the controlled-phase
gate with their corresponding physical elements from Fig. 1.
First, each temporally separated photon (red disks) under-
goes a state preparation step at EPC1 (black box) before en-
tering the entangling gate (red box) and the delay loop with
EPC2 and EPC3 (green box). When exiting the source, the
photons reach the analysis step (blue box) of EPC4 and the
photon polarization sensitive detection. Thus, the indepen-
dent four successive incoming photons are transformed into
a four-photon cluster state. The dashed circles/lines depict
the absent photons right before and after the injected photon
sequence.
to PBS1 orientation |p〉= 1√
2
(|h〉+|v〉) via EPC1, where
|h〉 and |v〉 designate the horizontal and vertical polar-
ization states, respectively. Similarly, the anti-diagonal
state is defined as |m〉= 1√
2
(|h〉−|v〉). The first photon has
a 50% chance of entering the delay loop through PBS1.
The protocol succeeds if this first photon is transmitted
through PBS1. Inside the loop, EPC2 controls a birefrin-
gent phase ϕ, and EPC3 rotates the |h〉 state of EPC2
orientation to the |p〉 state of PBS1. Each photon is de-
layed for τ≃74 ns, corresponding to 6 laser cycles. When
the photon inside the loop arrives to PBS1, it is timed
to entangle with a new photon from the single photon
source. This is achieved by fine adjustment of the pump
laser repetition rate.
Post-selecting each photon to exit from a different port
of the entangling PBS1, the two diagonal photons are
projected onto the maximally entangled state
|p〉 ⊗ |p〉 post−−−−−−→
selection
|φ+〉 = 1√
2
(|h1h2〉+ |v1v2〉) , (1)
where the subscripts 1, 2 refer to the photon detection
times τ, 2τ . Photon 1 has left the loop towards the de-
tectors. Photon 2 remains in the loop, where it is rotated
by EPC3 to the p/m polarization basis, resulting in the
state 1√
2
(|h1p2〉+ |v1m2〉), which is a two-photon linear
cluster in graph representation [41].
When a third photon enters the setup, it arrives at the
entangling PBS1 at the |p〉 state. The outcome of the
entangling PBS1 is
1√
2
(|h1p2〉+ |v1m2〉)⊗ |p〉 → 1√
2
(|h1φ+2,3〉+ |v1φ−2,3〉) .
(2)
Thus, the new photon is entangled with the two previ-
ous photons into a GHZ state 1√
2
(|p1h2p3〉+ |m1v2m3〉),
where the photon remaining in the loop (now photon 3)
is rotated by EPC3. This three-photon GHZ state is a
linear cluster in graph representation. When a fourth
photon enters the setup, repeating the above protocol,
the resulting entangled state is not a GHZ state, but the
four-photon linear cluster (LC) state
|ψ(4)LC〉 =
1
2
(
|p1h2h3p4〉+ |p1h2v3m4〉
+|m1v2h3p4〉 − |m1v2v3m4〉
)
.
(3)
Local unitary operations on each photon may trans-
form |ψ(4)LC〉 to other equivalent graph states [41]. When
more photons come in a timely manner, they are entan-
gled into an ever-growing linear cluster state [8]. Figure 2
depicts the quantum logic circuit implementation corre-
sponding to this protocol.
In our protocol, correlations are detected by photon
measurements at consecutive time slots. The polariza-
tion analysis procedure is performed by applying X or
Z Pauli operators by EPC4 and PBS2 to the first n−1
photons. The last nth photon inside the loop is projected
on PBS1 (the entangling PBS). If projected onto the |h〉
polarization, it exits the loop, and if projected onto |v〉,
it stays inside for another cycle. Thus, the last photon
polarization is analyzed by its arrival time to either de-
tector.
The projection of n photons results in 2n possible am-
plitudes. In order to demonstrate the quantum nonlocal-
ity of the produced states, the n-photon amplitudes are
interfered [42, 43]. This nonlocal interference is achieved
by rotating the measurement basis of the first n−1 pho-
tons to the diagonal basis via a Hadamard rotation. In
this case, half of the photons’ probability amplitudes in-
terfere constructively while the other half interfere de-
structively. The measured amplitude probabilities are
used to calculate the visibility Vn = Tr (X
⊗nρˆ), where ρˆ
is the density matrix of the generated n-photon cluster
state. In order to accumulate more information about
the nonlocal interference, the phase ϕ applied by the op-
erator Z
⊗(n−1)
ϕ ⊗I to the n−1 photons, where I is the unit
operator and Zϕ = I cos(ϕ/2) − iZ sin(ϕ/2). When this
phase is scanned, the different amplitude probabilities
oscillate, revealing more information about the degree of
entanglement (see Supplementary Information).
Figure 3 shows the resulting phase-dependent oscil-
lations in Vn, for the cases of two, three and four
photons. Assuming that the main source for imper-
fect visibilities is the two-photon indistinguishability
4(a) (c)(b)
FIG. 3. State analysis for 2, 3 and 4 photon cluster state generation The corresponding pulse sequences are depicted
above the graphs. (a) Phase scan for a two-photon state with a visibility of 0.76±0.01 at 480Hz, 30 seconds per data point. (b)
Phase scan for a three-photon state with a visibility of 0.68±0.03 at 4.3 Hz, 11 minutes per data point. (c) Phase scan for a four-
photon state with a visibility of 0.59±0.04 at 0.04Hz, 50 minutes per data point. Visibility error-bars are calculated assuming
Poisson distribution. Phase error-bars for (c) are calculated from two-photon residuals fit for multiple scans. Background
counts from residual unfiltered pump and detector after-pulsing events are subtracted
.
M , the predicted two-, and three-photon visibilities are
V2(ϕ)=Mcos(ϕ), and V3(ϕ)=M
2 1−cos(2ϕ)
2 . The corre-
sponding four-photon visibility V4 has an upper theo-
retical limit of 2
3
√
3
≃ 0.38, which limits the experi-
mental sensitivity. Therefore, we present the visibility
V4′=Tr (X⊗I⊗X⊗Xρˆ) which can reach 1, as this ob-
servable is part of the stabilizer group of |ψ(4)LC〉 before
the rotation of the last photon. The dependence of this
four-photon visibility on ϕ is V4′(ϕ)=M
2 1+cos(2ϕ)
2 (see
Supplementary Information). Figure 3c shows our ex-
perimental results for V4′ . The measurements presented
in Fig. 3 were obtained with our brightest sources, cor-
responding to a negatively charged QD with an in-fiber
brightness of about 15%, and M=0.77±0.01.
We have repeated the measurements using several
sources based on negatively charged, positively charged
or neutral dots, the latter two showing higher M. For
some measurements, the indistinguishability was further
increased using an etalon filter that removes the remain-
ing phonon sideband emission, but at the cost of a re-
duced count rate. In Fig. 4a, the visibility values of
these measurements are presented for various values of
M , obtained by standard Hong-Ou-Mandel (HOM) inter-
ference [44, 45], and the g(2)(0) value from second-order
intensity correlations [46] (see Supplementary Informa-
tion). The solid lines represent the theoretical expected
n-photon visibilities, showing good agreement with ex-
periment.
Imperfect photon indistinguishability M limits the en-
tanglement length, defined as the longest possible linear
cluster state such that positive concurrence is found be-
tween the first and last photons of the chain when all
the others are measured [8]. This length is an upper
limit for how far can quantum information flow along
the linear state during the one-way quantum computa-
tion procedure [1]. We find that for an n-photon entan-
glement length, the threshold visibility is Vn=
1
3 , inde-
pendent of n. All the presented results are above this
threshold. Moreover, our results correspond to maxi-
mum entanglement lengths between 23 and 5 photons
(see Supplementary Information). In addition to this
criterion, the three-photon genuine entanglement can be
evaluated by the V3 measure, as the three-photon clus-
ter state matches a GHZ state. The visibility threshold
for a three-photon GHZ state is 12 [47], which is well
exceeded by all our measurements, with values ranging
from V3=0.62±0.04 to V3=0.90±0.08, depending on the
source used (see Fig. 4a).
It is instructive to quantify and compare the scala-
bility prospects of various demonstrations. To this end,
we define the scaling ratio r—the reduction factor of de-
tection rates when one photon is added to the protocol.
The smaller the scaling ratio, the better the scalability,
where the ultimate goal is to reach r=1, allowing for the
deterministic entangling of any number of photons. The
detection rate for n-photon events is
Rn = R (ηdηsηlηb)
n
ηn−1g , (4)
where R is the single-photon repetition rate, and the η’s
represent various system efficiencies. Most efficiencies
apply to every photon, such as the detector efficiency
ηd, the system loss without the delay loop ηs, the delay
loop (memory cycle) loss ηl, and the source brightness
ηb, including both its quantum yield and overall optical
collection efficiency into a single-mode fiber. One other
efficiency doesn’t apply to the first photon, the entangling
gate efficiency ηg. Thus, the scaling ratio is
r = Rn/Rn+1 = (ηdηsηbηgηl)
−1
. (5)
5(a) (b)
FIG. 4. Entanglement criteria (a) n-photon visibility and indistinguishability M values of various experiments. Solid
squares and triangles present results using a charged excitation and solid circles are for the same excitation with spectral
filtering. Empty circles are for neutral excitation without spectral filtering. Blue, green, red and black represent V2, V3, V4′
and V4 results, respectively. Curves are calculated theoretical values for noise-induced distinguishability. Lines are thicker
for increasing n. Results for V4 are normalized to one. Horizontal dashed magenta line is the entanglement length visibility
threshold. (b) A comparison between scaling ratios as a function of the two-photon visibility for various single-photon source
implementations. Light-color data are calculated values for ηd = 0.9. (*) The scaling ratio for [7] was calculated based on
published photon rates as an heralding single-photon source. Dashed red (solid blue) line represents the theoretical probabilistic
gate (heralded PDC sources) limit. See text for further details.
Figure 4b presents this scaling ratio as a function of
the two-photon visibility for various theoretical and ex-
perimental situations. The use of a probabilistic gate
with ηg=0.5 limits the scaling ratio to r≥ 2 (dashed red
line) considering that ηd=ηs=ηb=ηl=1. An intrinsic lim-
itation arises when operating the present scheme with
heralded PDC sources. For such sources, the two-photon
visibility reduces when increasing the source efficiency.
The solid blue line represents the dependence of the scal-
ing ratio on the two-photon visibility r=2 1+V21−V2 , consider-
ing ηd=ηs=ηl=1 and ηg=0.5 (see Supplementary Infor-
mation). It represents an intrinsic upper limit for PDC
sources, a limit that could only be overcome by multi-
plexing schemes [28], yet at the cost of increasingly de-
manding resources and reduced single-photon repetition
rate R.
The symbols in Fig. 4b present scaling ratio values for
various implementations. The solid blue symbols corre-
spond to an equivalent scheme but implemented with a
PDC source and a free space setup [8]. The half-filled
blue symbols correspond to the predicted data where the
same experimental scheme would be implemented using
the best PDC source currently available [7]. The red sym-
bols correspond to the present work, with measured effi-
ciency values of ηd=0.25, ηs=0.7, ηl=0.75, 0.04≤ηb≤0.15
depending on the source used. The light-blue and light-
red data points extrapolate previous implementations,
predicted ones and the present experimental results to
the case ηd=0.9, since such detection efficiencies are cur-
rently available at all considered wavelegnths by replac-
ing the silicon APDs with superconducting nano-wire
single-photon detectors [48]. This allows for a better
comparison between different implementations.
The presented comparison shows that our current re-
sults, obtained with a lossy and imperfect setup, already
reach the upper limit of lossless PDC sources. Further
improved scaling ratios are thus expected to be within
reach with QD sources in the near future. The QD
source brightness can be increased by a factor of up to
2 by changing the excitation schemes following recent
propositions [49, 50]. The fibered brightness could also
be increased by using a larger numerical aperture collec-
tion lens and engineering a better mode matching with
the single mode fiber. Moreover, the setup efficiencies ηl
and ηs could also be improved by reducing losses arising
mostly from imperfect fiber coupled PBSs.
In conclusion, we have reported the generation of
multi-photon linear cluster states using a single quan-
tum emitter coupled to a compact entangling-loop con-
figuration. The measurement of non-local interference
visibilities demonstrates genuine multi-particle entangle-
ment up to four photons. As our protocol relies only on a
single quantum emitter and a single entangling gate, the
scheme can provide the best possible scalability ratios us-
6ing linear optics. The present experimental demonstra-
tion, although using both imperfect quantum dot sources
and entangling apparatus, already demonstrates a scal-
ing ratio on a par with the best possible level predicted
for heralded PDC single-photon sources. Straightfor-
ward technical improvements, both on the source oper-
ation side and on the setup design, will allow reaching
larger photon numbers in the near future. Additional
delay loops could be used to generate cluster states of
higher dimensionality. Finally, removing the last bot-
tleneck of the 50% probabilistic entangling operation is
also foreseeable, considering recent progress in engineer-
ing of photon-photon interactions using natural or arti-
ficial atoms [51–54]. Thus, the present multi-photon en-
tanglement scheme promises a path for scaling up quan-
tum computation and communication protocols [55–57].
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8SUPPLEMENTARY INFORMATION
EXPERIMENTAL PREPARATION AND
MEASUREMENT PROCEDURE
The cluster generation setup uses four electrically
driven polarization controllers (EPCs), allowing the
transformation of any given input polarization to any
desired output polarization of a single photon. Their
method of operation uses a local magnetically-induced
transverse mechanical stress on the fiber. Each such EPC
integrates four channels, where for each channel, the ori-
entation of the applied stress is rotated by an angle of 45
degrees, relative to the neighboring channel. This local
change to the fiber refractive index applies any birefrin-
gent phase in the range up to 2π, inducing a polarization
rotation. Depending on the polarization of the incoming
photon, a single channel can be used as a retardation ele-
ment whereby it can serve as a phase inducing mechanism
between different photons of orthogonal polarizations.
The key factor in deciding the fiber loop length, equiv-
alent to a temporal separation of 74 ns, is overcom-
ing the nominal dead-time of the single-photon detectors
(∼60 ns). This fiber loop length is equivalent to 6 con-
secutive laser pulses, under a standard repetition rate of
∼81 MHz. Thus, in this cluster generation scheme, each
photon generated at the ith time slot was interfered with
a photon generated 74 ns later, generated at the ith+6
time slot.
For an n-photon experiment, a train of laser pulses sep-
arated by 12.3 ns, used for the excitation of the emitter, is
converted by an electro-optical modulator (EOM) into a
74 ns time-separated sequence of n pulses. For example,
in the generation of a two-photon cluster state, the exci-
tation sequence consists of an on-on-off-off EOM modu-
lation pattern, or equivalently denoted in binary form as
1100. For each on/off bin, the EOM transmits/blocks
the laser pulses for a duration of ∼74 ns. The off peri-
ods are necessary to reduce the probability of a remain-
ing photon inside the loop before the start of the next
sequence. Therefore, the whole temporal duration of the
sequence is 296 ns, where each on period is comprised
of six laser pulses. In this case, a total of 12 photons
are injected into the fiber setup, allowing the fiber setup
to interfere photons 1-7, 2-8, etc. For the three- (four-)
photon experiment, a 11100 (111100) sequence is applied
with the EOM, interfering photons in time slots 1-7-13,
2-8-14, etc. (1-7-13-19, 2-8-14-20, etc.).
A comprehensive custom Field-Programmable Gate
Array (FPGA) digital electronics hardware was devel-
oped for the entire control over the generation of electri-
cal signals for the EOM and data acquisition from the sin-
gle photon detectors. This system was also implemented
with the facility to time delay all electrical signals (in-
put and output) as well as the synchronized collection
of detection events into specific time-bin counters. All
this was integrated directly into the FPGA fabric. In ad-
dition, a custom developed computer software was pro-
grammed to collect, analyze and real-time display all the
experimental data, as well as control high-current digital
to analog converters (DAC) for the correct operation of
all EPCs.
The single photon detector signal was collected by the
FPGA board into time-bins, thereby assigning time tags
to detection events. The 0th time-bin denoted the case
where a single photon was emitted, did not enter the
fiber-loop and immediately triggered a detection event.
This is essentially the fastest route by which an emitted
photon may be detected. Detection events at any other
time-bin, assuming a single photon was emitted, mean
that the photon was delayed inside the loop. In this
case, the time-bin’s index denotes the number of loop
iterations experienced by the photon.
PHASE CHANNEL ALIGNMENT
A natural approach to demonstrate the nonlocal in-
terference would be to set the measurement basis of the
photons to 1√
2
(|h〉 ± eiθi |v〉) and change the delay time
between pulses. Yet, it would require changing the rep-
etition rate of the laser. Instead, we set the repetition
rate to perfectly match the length of the delay loop,
and control a birefringent phase ϕ between the different
populations of an n-photon entangled state. This phase
is added before the polarization rotation inside the de-
lay loop. The polarization controllers EPC1, EPC3 and
EPC4 (see Fig. 1 of the main text) perform the rotations
for θ1, θ2 and θ3, respectively. For the two-photon case,
after the PBS projection and post-selection, the following
state is produced:
|φ〉 = 1√
2
(
|h1h2〉+ ei(θ1+θ2)|v1v2〉
)
, (S1)
The addition of a phase between the states results in:
|φ〉 = 1√
2
(
|h1h2〉+ ei(θ1+θ2+ϕ)|v1v2〉
)
. (S2)
The next step consists on rotating the polarization of the
photon exiting the loop into the basis 1√
2
(|h〉 ± eiθ3 |v〉),
and rotating the photon remaining in the loop into the
basis 1√
2
(|h〉 ± eiθ2 |v〉). A visibility measurement in this
case would exhibit a dependence on ϕ.
In order to create a controllable phase channel in the
fiber system, we align EPC2 and EPC3, where channel 1
in EPC3 (EPC31) acts as the phase channel of ϕ
Zϕ =
[
e−iϕ/2 0
0 eiϕ/2
]
(S3)
9VISIBILITY OBSERVABLE FROM THE
STABILIZER GROUP
Cluster states can be defined by the appropriate set of
stabilizer group [58]. These groups are defined by combi-
nations of the Pauli operators I,X,Y,Z. Each stabilizer
group comprises the eigenbasis for a specific cluster state.
In our experiment, we describe the produced states be-
fore the transformation performed by EPC3 and EPC4.
In case of using fast active elements with this scheme,
any unitary operation could be performed on any pho-
ton. Here, the operation on photons 1 to n − 1 is the
same while the operation on the nth photon is X, as it is
the configuration for the entangling gate of all photons.
This imposes the requirement for the observable to be
used.
For the two-qubit cluster state
|φ+〉 = 1√
2
(|h1h2〉+ |v1v2〉) , (S4)
the corresponding stabilizers are I⊗I, X⊗X, Z⊗Z, and
−Y⊗Y. Thus, for a measurement of |φ+〉 with the sta-
bilizer X⊗X we expect an eigenvalue 1. The outcome
measurement, as changing the state with respect to the
phase ϕ, is detailed in the next section.
For the three-qubit state
|ψ〉 = 1√
2
[
|(h+ v)1h2h3〉+ |(h− v)1v2v3〉
]
, (S5)
X⊗X⊗X is not a part of the stabilizer group and the pro-
jection measurement would return zero. However, apply-
ing the phase ϕ described by the operator Z⊗2ϕ ⊗I, setting
ϕ=pi2 we get the state
|ψ〉 = 1√
2
[
|(h+ iv)1h2h3〉+ i|(h− iv)1v2v3〉
]
, (S6)
for which X⊗X⊗X is part of the stabilizer group and
thus the eigenvalue is 1.
The four-photon cluster state produced in this experi-
ment
|ψ4〉 = 1
2
3
2
[
|(h+ v)1h2h3h4〉+ |(h+ v)1h2v3v4〉
+|(h− v)1v2h3h4〉 − |(h− v)1v2v3v4〉
]
,
(S7)
is the eigenvector of the stabilizer group with the gener-
ators (up to an Hadamard unitary transformation on the
last photon these are the generators of the four-qubit
linear cluster state) g1=X⊗Z⊗I⊗I, g2=Z⊗X⊗Z⊗I,
g3=I⊗Z⊗X⊗X, g4=I⊗I⊗Z⊗Z.
We identify that operating the parity operator X⊗4
would not give an eigenvalue of 1 as it is not a stabi-
lizer of the state. However, we can identify the operator
g1·g3=X⊗I⊗X⊗X as part of this group ensuring |ψ4〉 is
an eigenvector. This operator could be measured in the
experimental setup without fast active elements. In the
next section we derive the behaviour of this when |ψ4〉 is
changed with ϕ.
As our scheme enlarges the state in the form of a
cluster state with added photons, we can derive a similar
observable, as for n = 4, to any even number of photons.
This is deduced from the form of the stabilizer group.
We look at the generators of an n-qubit cluster (up
to an Hadamard unitary transformation on the last
photon). The first generators are g1=X⊗Z⊗I⊗I⊗In−4,
g2=Z⊗X⊗Z⊗I⊗In−4, g3=I⊗Z⊗X⊗Z⊗In−4,
for 2<k<n−1 the generator would be
gk=Ik−2⊗Z⊗X⊗Z⊗In−k−1, while the last two genera-
tors are gn−1=In−4⊗I⊗Z⊗X⊗X, gn=In−4⊗I⊗I⊗Z⊗Z,
where Im=I
⊗m. Multiplication of generators gives rise
to the stabilizer group. From certain multiplications
between the generators, we find the stabilizer
SV
n′
=
n−1∏
i=1,3,..
gi = (X⊗ I)⊗(n2−1) ⊗X⊗X, (S8)
for which the n-qubit state is an eigenvector.
VISIBILITY CALCULATION
The presented visibilities are calculated from the ap-
propriate projection of the n-photon state as described in
the main text. Each projection results in 2n populations
terms. The general state
|ψnϕ〉 =
2n∑
k=1
aψk(ϕ)|ψk〉, (S9)
where |ψk〉 are the 2n states that span the n-qubit space
in the h/v basis.
For the two-photon state
|ψ〉 = 1√
2
(|h1h2〉+ eiϕ|v1v2〉) . (S10)
measuring along the X⊗X basis gives 4 amplitudes
ahh = avv =
1
2
3
2
(1 + eiϕ)
ahv = avh =
1
2
3
2
(1− eiϕ)
(S11)
From this the two-photon visibility is calculated
V2 = Phh − Phv − Pvh + Pvv = cos (ϕ) , (S12)
where Pψk=|aψk |2.
In a similar way the three-photon state
|ψ〉 = 1√
2
[
|(h+ eiϕv)1h2h3〉+ eiϕ|(h− eiϕv)1v2v3〉
]
.
(S13)
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Measuring along X⊗3 gives 8 amplitudes
ahhh = ahvv =
1
4
(1 + 2eiϕ − ei2ϕ)
ahhv = ahvh = avhh = avvv =
1
4
(1 + ei2ϕ)
avhv = avvh =
1
4
(1 − 2eiϕ − ei2ϕ).
(S14)
From this the three-photon visibility is calculated
V3 = Phhh − Phhv − Phvh + Phvv
− Pvhh + Pvhv + Pvvh − Pvvv
=
1− cos(2ϕ)
2
= sin2 (ϕ) .
(S15)
The four-photon state is
|ψ4ϕ〉 =
1
2
3
2
[
|(h+ eiϕv)1h2h3h4〉+ eiϕ|(h+ eiϕv)1h2v3v4〉
+eiϕ|(h− eiϕv)1v2h3h4〉 − eiϕ|(h− eiϕv)1v2v3v4〉
]
.
(S16)
Measuring along X⊗4 gives 16 amplitudes
ahhhh = ahhvv = avhhv = avhvh =
1
2
5
2
(1 + 3eiϕ − ei2ϕ + ei3ϕ)
ahhhv = ahhvh = avhhh = avhvv =
1
2
5
2
(1− eiϕ)(1 + eiϕ)2
ahvhv = ahvvh = avvhh = avvvv =
1
2
5
2
(1 + eiϕ)(1 − eiϕ)2
ahvhh = ahvvv = avvhv = avvvh =
1
2
5
2
(1 + 3eiϕ + ei2ϕ − ei3ϕ)
(S17)
From this the four-photon visibility, for the observable
SV
4′
=X⊗I⊗X⊗X defined in Eq. S8 is calculated
V4′ =Tr(SV
4′
ρˆ) = P1 − P2 + P3 − P4
=
1 + cos(2ϕ)
2
= cos2 (ϕ) ,
(S18)
while for the observable X⊗4
V4 =Tr(X
⊗4ρˆ) = P1 − P2 − P3 + P4
=
−cos(ϕ) + cos(3ϕ)
4
= −cos (ϕ) sin2 (ϕ) ,
(S19)
the maximum this observable can obtain is 2
3
√
3
. This
visibility from the measured results with a π phase is
presented in Fig. S1.
As the entanglement process of our scheme is a re-
curring process, in the linear cluster picture it is simply
adding another photon and link to the chain, thus we are
able to deduce a visibility measure to any n-photon state
(n ≥ 3)
Vn = Tr(X
⊗nρˆ) = (−1)n−1 cosn−3 (ϕ) sin2 (ϕ) . (S20)
This observable is not part of the stabilizer group of the
produced state at ϕ = 0. In addition, when varying ϕ
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FIG. S1. The normalized visibility V4 = 0.35± 0.17.
the maximum amplitude is lower then 1 for n > 3. In
a similar way we may deduce the n-photon visibility to
the observable defined in Eq. S8. This observable is valid
to an even n-photon state, as it is part of its stabilizer
group, giving unity at ϕ = 0
Vn′ = Tr(SV
n′
ρˆ) = cos
n
2 (ϕ) . (S21)
VISIBILITY AND INDISTINGUISHABILITY
A requirement for perfect two-photon visibility V2 = 1
is obtained when the two interfering photons are indis-
tinguishable M = 1, and only one photon arrives at each
pulse g(2)(0) = 0. We relate these two terms in a similar
manner to the derivation in [8] (appendix A.1). As was
previously derived in [59], the indistinguishability arises
from the mean-wave packet overlap
M = Tr (ρˆiρˆj) =
∫∫ +∞
−∞
dωidωjf (ωi) g (ωj) |〈ωi|ωj〉|2 .
(S22)
In an Hong-Ou-Mandel (HOM) experiment [44] the co-
incidence probability (Pcc) dip depends on the indistin-
guishability of two photons from the QD source, when
assuming a perfectly balanced beam-splitter (BS) and
g(2)(0) = 0
Pcc (δτ) =
1
2
(1−M (δτ)) , (S23)
and the measured dip visibility is defined as
VHOM=1− Pcc(0)Pcc(∞)=M , where Pcc(∞) is the two-
photon probability when the single-photons do not
arrive simultaneously to the beam-splitter. When
assuming there is a probability of two-photon emission
from the source g(2)(0) > 0, a lower bound to the actual
11
FIG. S2. Example of two-photon indistinguishability measurement. For photons delayed by 12 ns; the measure in panel
(a)/(b) is performed under non-modulation/modulation of the train of laser pulses using charged-exciton sources without/with
spectral filtering of the single-photon emission.
indistinguishability is given by:
M = VHOM + g
(2)(0). (S24)
We relate this to the measured visibility interference V2
by the fiber system entangling PBS1 gate followed by the
analyzing apparatus [60]. When two photons arrive as
described to the entangling PBS1, assuming a perfectly
balanced PBS and no polarization error, the outcome
state is
ρˆ = Mρˆid + (1−M)ρˆd, (S25)
where ρˆid (ρˆd) is the the entangled (decohered) state.
When performing a measurement of the visibility for the
observable X⊗X on both photons, ρˆid would attribute
to the traced matrix diagonal elements only two terms
ρˆ1,1id =ρˆ
4,4
id =
1
2M . While ρˆd would equally contribute all
terms due to the lack of coherence ρˆi,id =
1
4 (1−M). Thus,
the resulting outcome of the visibility measurement is
V2 = 2(
1
2
M +
1
4
(1 −M))− 21
4
(1 −M) =M. (S26)
Yet, when taking into account the probability of two-
photon arriving in the same pulse (g(2)(0) > 0), addi-
tional reduction in the measured visibility is present. In
the following, we derive the probability of an unwanted
two-photon event. There is a 25% probability that both
photons, coming from the same pulse, enter the loop.
Then, there is a 50% probability that these two photons
would not exit the loop at the same time, meaning half
the probability of a correct event. Thus, their projected
state is |h1v2〉 and the measurement along X⊗X would
yield an equal contribution of all the measured diagonal
terms of the density matrix. In such case, the density
matrix reads:
ρˆ =
(
1− 1
2
g(2)(0)
)
(Mρˆid + (1 −M)ρˆd) + 1
2
g(2)(0)ρˆ2ph.
(S27)
Both the indistinguishability and the two photon emis-
sion affect the resulting visibility
V2 =
(
1− 1
2
g(2)(0)
)
M. (S28)
We defined two visibility measures in the previous sec-
tion, Vn for any n and Vn′ for even n. We generalise
now the description of these M -dependent measures for
higher photon number cluster states.
We first model the n-photon cluster creation using the
PBS entangling gate. For n-photon creation, a two-
photon post-selection process of the entangling PBS is
repeated on the incoming new photon and the photon
remaining in the loop ρˆ
(n)
0 =ρˆ
(n−1)⊗ρˆp
ǫ(ρˆ(n)) = Mε0ρˆ
(n)
0 ε0 + (1−M)
1
2
(
ε0ρˆ
(n)
0 ε0 + ε1ρˆ
(n)
0 ε1
)
,
(S29)
where ε0=I
⊗(n−2)⊗ (I⊗I+Z⊗Z) and
ε1=I
⊗(n−2)⊗ (I⊗Z+Z⊗I).
Reordering this process, we may regard two contri-
butions which are dependent on M . For the two-
photon case ε0ρˆ
(2)
0 ε0 accounts for
1+M
2 , while ε1ρˆ
(2)
0 ε1
accounts for 1−M2 . As resulted in Eq. S26 the visibil-
ity measurement V2=
1+M
2 − 1−M2 =M . When perform-
ing the X⊗3 measurement on ρˆ(3) we are again consid-
ering the process two terms that act on ρˆ(2)⊗ρˆp thus
V3=M
(
1+M
2 − 1−M2
)
=M2. This is recurring to any n,
Vn=M
n−2 ( 1+M
2 − 1−M2
)
=Mn−1. When considering V ′n,
we are performing the measurement when n is even. For
n=4 the X⊗X part of the measurement would give the
M dependence, and theX⊗I would give 1+M2 −1−M2 =M ,
so V4′=M
2. Thus, the dependence of the maximum am-
plitude of Vn on the distinguishability isM
n−1, while Vn′
scales as M
n
2 .
Several quantum dot sources were used for the present
measurements. We show in Fig. S2 two indistinguisha-
bility measurements. The indistinguishability histogram
is measured in a path-unbalanced Mach-Zehnder inter-
ferometer. One of the arms has an optical length k×∆t
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longer than the other, k being an integer number and ∆t
the temporal distance between consecutive pulses. Thus,
allowing to interfere two successively emitted photons
on the second fiber beam-splitter of the interferometer.
At the output of this fiber beam-splitter we place two
single-photon detectors to carry out a time-correlated
two-photon coincidence detection. The simultaneous co-
incidence counts at ∆t=0 allow to quantify the degree of
photon indistinguishability between the two interfering
photons. Figure S2 demonstrates this for a 12 ns delay.
It is important to remark that the different pulse se-
quences used for the generation of different photon clus-
ter state sizes (n=2, 3, 4 photons, see Fig. 3 of the main
text) involve trains of emitted single photons separated
by 74 ns. Therefore, the photon indistinguishability in-
volved in the generation of cluster states is slightly lower
than the one extracted in Fig. S2, due to QD spectral
wandering [12].
Panel (a) corresponds to a negatively charged exciton
which showed higher brightness. Such a source with was
used for the four-photon experiment. Without any spec-
tral filtering, the measuredM amounts toM=0.78±0.01.
Note that this indistinguishability is substantially lower
than the one observed on both neutral and positively
charge excitons, indicating nuclear spin induced dephas-
ing. The measurement shown in panel (b) was performed
on positively charged exciton using a 10 pm spectral fil-
tering to reduce the phonon sideband contribution re-
sulting in an indistinguishability of M=0.95±0.01. The
latter is taken with the pulse-modulation turned on, lead-
ing to the triangular envelope shape of the coincidence
histogram.
The presence of an electron or a hole in the quantum
dot is controlled following the method described in [61].
Maximum occupancy is obtained by finely adjusting the
power and wavelength of a continuous wave non-resonant
laser with wavelength typically between 890 nm and 905
nm.
BACKGROUND COUNTS
The background correction was implemented by sub-
tracting background measurement counts N bg from the
measured coincidence counts (CC) Nmeas. Phase scans
were performed acquiring CC data, Nmeasi , i=1..2
n ac-
cording to the desired pulse sequence - 11...1︸ ︷︷ ︸
n
00, where n
is the number of passing pulses, corresponding to the
length of the desired chain. As the phase scan com-
pletes, it is repeated in the form of background mea-
surements, n−1 pulses are open meaning no CC of an
n-photon state should be recorded. As there are n com-
binations corresponding to these background measure-
ments 1(1)...0(k)...1(n)00, this process is repeated for each
combination with k=1..n, recording the background CC
FIG. S3. Entanglement length (EL) dependence on the
two-photon visibility. The red thick and blue thin plots
represent the calculation for distinguishing and depolarizing
noise, respectively. For the measured two-photon visibilities
of 93±2% and 76±1% the corresponding entanglement length
is 23 (solid square) and 7 (solid circle) for the distinguishing
noise and 16 (open square) and 5 (open circle) for the depolar-
izing noise. Errors are calculated from fitting to experimental
data.
N bgi,k. The final outcome Ni, which is the full pulse signal
CC subtracting the background counts, is thus
Ni = N
meas
i −
n∑
k=1
N bgi,k. (S30)
The source of the background counts is from photons
constantly entering the fiber system with no synchroniza-
tion to the EOM pulse sequence. This is partly due to the
EOM extinction ratio (1:100), which amounts to at most
1% of the coincidences. Here, the majority of the back-
ground signal is due to a residual single photon emission
arising from the non-resonant laser pump used to insert
a charge in the quantum dot. It amounts to typically
∼10% of the coincidences for a coincidence window of
5 ns. In a future experiment, this technical issue could
be addressed in different ways, either by modulating the
non-resonant pump laser, or using a smaller coincidence
window.
ENTANGLEMENT LENGTH
The entanglement length measure L was introduced
and analyzed in [8]. It is defined as the longest possible
linear cluster state that will result with a pair of pho-
tons with positive concurrence after all photons, but the
first and last of the chain, are measured along the yˆ axis.
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This length is an upper limit to how far can quantum in-
formation flow along the linear state during the one-way
quantum computation procedure [1]. The main noise fac-
tor taken is the indistinguishability of photons, modeled
by the number of modes Nm. This corresponds to the
two-photon visibility in the diagonal basis Nm=
1
V2
. For
n-photon creation, the process is detailed in Eq. S29.
In this work we add the possibility of a general ”white
noise” as the source of noise in the process.
It is of interest to evaluate the presence of genuine
multi-party entanglement in the created states, and ex-
trapolate the system potential if time was not a practi-
cal constraint. For that purpose we use the entangle-
ment length measure. Figure S3 presents the depen-
dence of this entanglement length on the measured two-
photon visibility, assuming two different noise sources.
In our experiment, the lack of perfect indistinguishabil-
ity between the consequently emitted photons accounts
for most of the reduced visibility. Calculating the entan-
glement length under this noise source results with the
red thick line. It accounts for the possibility of a gen-
uinely entangled linear state of 7-23 photons depending
on the source M factor. The two-photon visibility can
also be inferred directly from the visibilities of states of
more photons. The measured four-photon visibility im-
plies a state of 6 genuinely entangled photons as well.
Moreover, when considering the worst case scenario of a
uniformly depolarizing noise source, it provides a lower
limit for the entanglement length for a measured two-
photon visibility. In case of such a noise source, the de-
pendence on the photon source V2 factor will result in
5-16 entangled photons. Thus, we have shown that re-
gardless of the applied noise model, the presented four
photon linear cluster state is genuinely entangled.
When regarding V2 to originate from some general
noise process, in a similar to dependence derived from
Eq. S29, we find it dependence V2=(1−δ), where δ is
the amount of noise introduced - for the case of indistin-
guishability noise M=1−δ. Again we can generalize this
to any n, so Vn=(1−δ)n−1=V n−12 .
For a certain linear cluster state, that could be repre-
sented by a chain of length n, we may set a threshold
value to the minimal value of V2 for which the entangle-
ment length is the chain length, LminV2(n)=n. From
observing the solid blue thin line in Fig. S3, the cal-
culation gives a value of V2 that satisfies the threshold
condition. For n=2 it is clear that minV2=
1
3 . For any
added photon in the chain, this factor increases, as it is
the minimal value between two photons before the re-
moval of one from the chain. Thus, for any number of
n, minV2=
(
1
3
) 1
n−1 . Meaning, the larger the state is, the
higher the two-photon visibility should be to sustain the
entanglement length.
We can further determine a threshold for the minimal
n-photon visibility minVn. From the previous relations
we come to minVn=minV
n−1
2 =
1
3 for any n.
PARAMETRIC DOWN-CONVERSION SCALING
RATIO
We start with the state definition of an n photon pair
in mode a and b produced in the Parametric Down-
Conversion (PDC) process
|ψ〉 =
√
1− |λ|2
∞∑
n=0
|λ|n|n〉a|n〉b, (S31)
this is a two-mode squeezed vacuum with strong quan-
tum correlations [62]. λ is the squeezing parameter with
its absolute square proportional to the pump power.
For this derivation we assume non photon-number dis-
criminating detectors (‘bucket’) with 100% efficiency.
The probability for a single pair emission |1〉a|1〉b is
P (1)(1)=(1−|λ|2)|λ|2. The rate for N consecutive pho-
ton pairs emission is then
(
P (1)(1)
)N
=
(
(1−|λ|2)|λ|2)N .
When using this source as a single photon source in our
scheme, each pair contributes one photon to the entan-
gled state (the other photon being the heralded). Yet, as
we are not employing photon-number-resolving detectors
any |k〉a|k〉b, 1 ≤ k ≤ n per pulse would be considered
as a single pair emission. Thus, the probability for a
detection in modes a and b is
P (n)(1) = 1− P (0) = 1− (1− |λ|2) = |λ|2. (S32)
The rate for N consecutive photon pairs emission is then
RN=
(
P (n)(1)
)N
=
(|λ|2)N . The scaling ratio is then the
probability of adding another pair
r =
RN
RN+1
=
1
|λ|2 . (S33)
From the description of the interaction Hamiltonian of
PDC λ=tanh(τ), where the interaction parameter τ is
a linear function of the non-linear crystal properties and
the pump electrical field strength, meaning an increase
in r reflected in the brightness is achievable by increasing
one of the parameters τ depends on [63].
We now turn to examine the two-photon visibility de-
pendence on τ [63, 64]. As presented in Fig. 4b in the
main text, we assume only physical considerations, mean-
ing perfect detection efficiency, perfect optical and polar-
ization components and perfect indistinguishability be-
tween photons. In the PDC apparatus employing the
photon’s polarization degree of freedom, the visibility is
defined using a polarization analyzing system followed
by 4 single photon detectors. Coincidence counts are
recorded and the visibility is defined as
V2 =
P14 + P23 − P13 − P24
P14 + P23 + P13 + P24
. (S34)
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From this definition we are left with a relation between
the visibility and τ
V2 =
1− tanh2τ
1 + tanh2τ
. (S35)
We are now able to relate the scaling ratio dependence
on the interaction parameter
r =
1 + V2
1− V2 , (S36)
we may notice that an increase in r would come at a cost
of reduced visibility. This relation is displayed as the
solid line in Fig. 4b in the main text.
